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ABSTRACT 



Th p. entire d ataset nf tlio CR A N AT /STCA 1 A ohsorva,- 



tio hs of Cyg X-1 and 1E1740 7-2942 in 1990-1994^ai" 



analyzed in order to search for correlations between 
primary observational characteristics of the hard X- 
ray (40-200 keV) emission - hard X-ray luminosity 
Lx, hardness of the spectrum (quantified in terms 
of the best-fit thermal bremsstrahlung temperature 
k T) and the rms of short-term flux variations. 



Although no strict point-to-point correlations were 
detected certain general tendencies arc evident. It 
was found that for Cyg X-1 the spectral hardness is in 
general positively correlated with relative amplitude 
of short-term variability. The correlation of similar 
kind was found for X-ra y transient CRD ,7042 2+32 
(X-ray Nova Persei 19 92.]Finoguenov et al. 199€ ) and 
recently for GX339-4 (fTrudolyubov et al. 1995|). 



For both sources approximate correlation between kT 
and Lx was found. At low hard X-ray luminosity - 
below ~ 10'^^ erg/sec - the kT increases with increase 
of Lx ■ At higher luminosity the spectral hardness de- 
pends weaker or does not depend at all on the hard 
X-ray luminosity. The low luminosity end of these 
approximate correlations (low kT and low rms) cor- 
responds to extended episodes of very low hard X-ray 
flux occurred for both sources during SIGMA obser- 
vations. 
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decades. The source exhibits flux variations on all 
time-scales from years to milliseconds. Two distinct 
spectra] states of tl^ie source were identified f |Tanan ' 



baum 
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et al. 

the ' 



19721 ; iHolt 
'Low State" 



et al. 
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and 



iden 

the 



Ogawara et al. 
'High State" 



(MS). During the LS emission from the source in X 
ray domain is dominated by the hard spectral com- 
ponent observed up to several hundred keV. The HS 
spectrum is much softer and is dominated by the soft 
spectral component. Most of the ti me (r^ 90%) the 
sourc e was found in the LS (e.g. Liang & Nolan 



1984). Basing on the observations of HEAU-3 Ling 
et al! (1987) proposed to distinguish three sub-states 
of the LS - the so called 7-states characterized by 
different intensity and spectral properties of the X- 
and 7-ray emission. 

The source 1E1740. 7-2942 located 50 arcmin apart 
from the Galactic Center is the hardest X-ray source 
in this region. On the basis of its X-ray properties it 
was su ggested that this s ource too contains a black 
hole ( Sunyaev et al. 1991a| ) . Its spectral shape and X- 
ray luminosity are quite sii nilar to that of Cvgnu s X-1 
in its "nominal" 72 state ( ^unyaev et al. 1991b| ). 

We report on the results of search for the correla- 
tion between primary observational characteristics of 
the hard X-ray emission during low state for these 
two sources: hard X-ray luminosity, hardness of the 
spectrum and the amplitude of short-term flux vari- 
ations. The preliminary results of this analysis were 
presented earlier by Kuznetsov et al. (1995) and Bal- 
let et al. (1996). Similar results were also obtained 
for Cyg X-1 by Crary et al. (1996) basing on the 
BATSE data. 



1. INTRODUCTION 



Cygnus X-1 was first dynamically proven black hole 
candidate in the Galaxy and its X-ray properties 
were studied in a number of occasions during last two 



2. THE DATA ANALYSIS 



Only observations performed under nominal back- 
ground and instrument conditions were used for the 
analysis. Since the timing analysis is more sensitive 
to nonstandard background conditions, in the case 



when timing analysis was impossible or ambiguous 
the dataset was excluded from the spectral analysis 
too. 

In order to quantify the hardness of the source emis- 
sion in the 40-200 keV energy ra nge the opticallv-thin 
thermal bremsstrahlung model ( iKcllogg ct al. 1975|) 
was chosen. Although possibly having no direct phys- 
ical relation to origin of the hard X-ray emission in 
compact sources, it provides a good approximation 
to the observed spectra and characterizes the spec- 
tral shape by a single parameter - the best-fit tem- 
perature. The relative error of the observed spectra 
approximation by this model is less than 10% in the 
40-200 keV energy band. The model was applied to 
the pulse-height spectra averaged according to cho- 
sen way of the data binning as described in next two 
sections. The 40-200 keV luminosity was calculated 
using the best fit model and assuming distance of 2.5 
and 8.5 kpc for Cyg X-1 and 1E1740. 7-2942 corre- 
spondingly. 
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Figure 1: The best- fit bremsstrahlung temperature plotted 
against hard X-ray luminosity (40-200 keV) for Cyg X-1. 
The data were averaged over 1 to 20 days of consequential 
observations. 

For the timing analysis the 4 s resolution 40-150 keV 
data (count rate from entire detector) were used. The 
power density spectrum was obtained for each indi- 
vidual SI e xposure using the standard timing analysis 
technique ( van der Klis et al. 1989 ) and then con- 
verted to the units of relative rms using the source 
intensity averaged for duration of the same SI ex- 
posure. The values of relative rms were further av- 
eraged according to chosen way of the data binning. 
The aperiodic variability of the source was quantified 
by fractional rms of the fiux variation in the 0.01-0.1 
Hz frequency band. This range corresponds to the 
flat part in the Cygnus X-1 power density spectrum 
and represents its most variable part. The timing 
analysis was not performed for 1E1740. 7-2942 since 
this source is located in the crowded Galactic Center 
region. 

It should be noted that opposite to the spectral 
analysis which utilizes the imaging capability of the 
SIGMA telescope the 4 s resolution data used for the 
timing analysis does not possess spatial resolution 



and the count rate from the entire detector was an- 
alyzed. Numerous tests confirmed that under stan- 
dard background conditions possible contamination 
of the Cyg X-1 power density spectrum by back- 
ground events in the 0.01-0.1 Hz frequency range can 
be neglected. 



3. RESULTS 



The light curves of both sources have a complex 
structure with short term (time scales of days to 
weeks) variations superimposed on long term (time 
scale of years) intensity changes of generally larger 
relative amplitude. The SIGMA observations pro- 
vided on one hand rather sparse time coverage - es- 
pecially for Cyg X-1, and, on the other, a limited 
time resolution restricted by the instrument time res- 
olution (several hours for spectral information) and, 
especially for 1E1740. 7-2942, by the accuracy of the 
spectral and variability parameters estimation. The 
latter leads to necessity of further grouping of the 
data. In order to verify possible effects of the data 
averaging two grouping methods were applied to the 
data as described below. 
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Figure 2: The best-fit bremsstrahlung temperature plot- 
ted against hard X-ray luminosity (40-200 keV) for 
IEI740. 7-2942. The data were averaged over 10 to 60 
days of consequential observations. 



3.1. Grouping by observational sets. 

In order to study the source behavior on the time- 
scale of months we have averaged the data acquired 
during individual observational sets. Typical time 
span for each data point was ~1 day to ^1 month. 
Results are shown in Fig. 1, 2 and 3. 

The relation between spectral hardness and luminos- 
ity is shown in Fig. 1 and 2. As it could be seen from 
Fig. 1 and 2 a trend is present in the data for both 
sources - the kT generally increases as the hard X-ray 
luminosity increases. It should be noted that for both 
sources the correlation becomes less apparent if the 



data points corresponding to low intensity episodes 
were removed - it almost disappears for Cyg X-1 and 
becomes nearly insignificant for 1E1740. 7-2942. 



The Fig. 3 shows a dependence of the best-fit 
bremsstrahlung temperature upon the rms of the 
short-term flux variation for Cyg X-1. There is a 
clear correlation between spectrum hardness and the 
amplitude of the low- frequency noise (0.01-0.1 Hz) in 
the 40-150 keV energy band. 



3.2. Grouping according to intensity. 

The original data were regrouped according to the 
soiirce intensity in the following way. The entire 
range of the 40-200 keV flux variations was divided 
into number of bins of the same width. The mean 
energy spectrum and power density spectrum cor- 
responding to each intensity bin were calculated by 
averaging over all individual datasets with intensity 
falling into the given bin intensity range. 

For Cyg X-1 16 intensity bins were chosen covering 
the 1.9 to 6.9 10"^ cnt/sec/cm^ (0.5-1.8 Crab) inten- 
sity range. The regrouping procedure was applied to 
the data of individual SI exposures (4-8 hours long 
- the highest time resolution providing spectral in- 
formation) each exposure being treated as a sepa- 
rate dataset. In the case of 1E1740-294, having 5 to 
20 times lower signal to noise ratio the data aver- 
aged over each single observation (comprised of 1-6 
SI exposures with total duration of 4-34 hours) were 
treated as individual datasets to be regrouped. The 
intensity range 0.3 to 5.6 xl0~^ cnt/sec/cm^ (8-150 
mCrab) was divided into 10 intensity bins. 

The dependence of the best-fit bremsstrahlung tem- 
perature upon the 40-200 keV luminosity for both 
sources is shown in Fig. 4. The similarity in the be- 
haviors of the two sources is apparent. Approxima- 
tion of Cyg X-1 data by a broken constant is shown 
by a dashed line. The same curve describes quite 
well the data for 1E1740-294. The "breaks" in Fig. 
4 correspond to the same value of the luminosity. 

It should be noted, that shown in Figure 3 are pa- 
rameters derived from averaged spectra for eacli in- 
tensity bin and the error bars are statistical only. The 
analysis of individual datasets, corresponding to the 
given intensity bin, performed with the more statisti- 
cally significant Cyg X-1 data, revealed considerable 
dispersion of the best-fit parameters above the level 
of statistical fiuctuations. This dispersion is of the 
order of ^^15% of the values of the best-fit tempera- 
ture shown in Figure 3. It is especially large in the 
(0.8 — 1.2) X lO^'' erg/sec luminosity range. Therefore, 
dependence, shown in Fig. 3 are not point-to-point 
correlations, but rather represent some averaged pat- 
tern of the behavior of the parameters. 

In order to illustrate the complexity of the source be- 
havior we divided the Cyg X-1 data (4-8 hours data 
segments) into two parts according to the level of 
short term fluctuations (Fig. 5). The grouping pro- 
cedure described above (according to the source in- 
tensity) was then applied to the "low rms" and the 
"high rms" data separately. The resulted relation 
between spectral hardness and the hard X-ray lumi- 
nosity is shown in Fig. 6. As it is seen from Fig. 
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Figure 3: The best-fit bremsstrahlung temperature plot- 
ted against rms^ of the short-term flux variations in the 
0.01-0.1 Hz frequency range for Cygnus X-1. The data 
were averaged in the same way as in Figure 1. 
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Figure 4- The best-fit bremsstrahlung temperature plotted 
against hard X-ray luminosity (40-200 keV) for Cyg X- 
1 (upper panel) and 1E1740. 7-2942 (lower panel). The 
data were averaged according to the X-ray intensity as 
described in the section 3.2. The broken constant best- 
fit to Cygnus X-1 data is shown by dashed line in both 
panels. 
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Figure 5: The best fit bremsstrahlung temperature plot- 
ted against the rms of the flux (40-150 keV) variation 
for Cyg X-1. Each data point correspond to individual 

exposure of ~ ^-8 hours long. Average error is shown 
(actually the errors increase from the right to the left). 
The rms level used for data classification (Figure 6) on 
the basis of flux variability is shown by dotted line. 
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6 the kT - Lx dependence splits into two distinct 
branches overlapping in the luminosity. 
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Figure 6: The hardness of the spectrum versus hard X- 
ray luminosity (4-0-150 keV) for Cyg X-1. The data were 
averaged according to the X-ray luminosity. Open circles 
correspond to the data with low noise level (points from 
the left half of Figure 5). Filled circles correspond to the 
data with high noise level (Figure 5, the data plotted right 
to dotted line). The broken constant best fit to low noise 
data is shown by dashed line. The best fit to high noise 
level data is shown by dotted line. 



